The cysteine-rich protein (CRP) family is a subgroup of LIM domain proteins. CRP1, which cross-links actin filaments to make actin bundles, is the only CRP family member expressed in the CNS with little known about its function in nerve cells. Here, we report that CRP1 colocalizes with actin in the filopodia of growth cones in cultured rat hippocampal neurons. Knockdown of CRP1 expression by short hairpin RNA interference results in inhibition of filopodia formation and dendritic growth in neurons. Overexpression of CRP1 increases filopodia formation and neurite branching, which require its actin-bundling activity. Expression of CRP1 with a constitutively active form of Cdc42, a GTPase involved in filopodia formation, increases filopodia formation in COS-7 cells, suggesting cooperation between the two proteins. Moreover, we demonstrate that neuronal activity upregulates CRP1 expression in hippocampal neurons via Ca 2ϩ influx after depolarization. Ca 2ϩ /calmodulin-dependent protein kinase IV (CaMKIV) and cAMP response element binding protein mediate the Ca 2ϩ -induced upregulation of CRP1 expression. Furthermore, CRP1 is required for the dendritic growth induced by Ca 2ϩ influx or CaMKIV. Together, these data are the first to demonstrate a role for CRP1 in dendritic growth.
Introduction
Filopodia are finger-like, plasma membrane protrusive structures composed of tightly oriented parallel actin bundles that extend radially from the lamellipodial actin meshwork at the leading edge of a motile cell. A critical step in filopodia formation is the cross-linking of actin filaments, as a single actin filament lacks the stiffness needed to advance the cell membrane (Mogilner and Oster, 1996; Mogilner and Rubinstein, 2005) . Filopodia play critical roles in various physiological processes, such as cell migration, wound healing, and neurite outgrowth (Mattila and Lappalainen, 2008) . In neurons, the extension of axons and dendrites is led by growth cones tipped by filopodia, which are proposed to function both in sensing guidance cues and in facilitating locomotion (for review, see Dickson, 2002) . The importance of filopodia formation in neuritogenesis has been demonstrated by experiments showing that the loss of filopodia formation causes defects in neurite formation (Dent et al., 2007) and that motile filopodia initiate neurite branching (Gallo and Letourneau, 2004; Lalli and Hall, 2005) . Filopodia also serve as precursors for dendritic spines in neurons (Mattila and Lappalainen, 2008) . However, the mechanisms for filopodia formation are not fully understood.
The cysteine-rich protein (CRP) family is a subgroup of the LIM-domain protein family in vertebrates and includes CRP1 (encoded by CRP1/csrp1 gene), CRP2, and CRP3/MLP (muscle LIM-domain protein) . All three CRP family members have been reported to localize to the nucleus (Chang et al., 2003; Kadrmas and Beckerle, 2004) and interact with ␣-actinin and zyxin (Schmeichel and Beckerle, 1994; Arber and Caroni, 1996; Louis et al., 1997; Pomies et al., 1997) . Whereas CRP2 and CRP3 expression is limited to muscle cells (Jain et al., 1998) , CRP1 is expressed in multiple adult organs and is the only member with detectable expression in the mammalian CNS (McLaughlin et al., 1994; Jain et al., 1998) .
Based on evidence from our laboratory that CRP1 is needed for functional recovery after spinal cord injury in the adult zebrafish (our unpublished observations), we wanted to assess its function in the mammalian CNS. CRP1 has been reported in many different cellular functions: acting as a transcriptional cofactor (Chang et al., 2003) , suppressing cell proliferation, protecting cells from stress-induced death (Latonen et al., 2008) , regulating cell movement during zebrafish development (Miyasaka et al., 2007) , and promoting neointima formation (Lilly et al., 2010) . It has also been demonstrated that CRP1 regulates actin filament bundling via direct interaction with actin (Tran et al., 2005; Jang and Greenwood, 2009 ). However, little is known about its function in the CNS. In the present study, we report a role for CRP1 in filopodia formation and dendritic growth, which depends, at least partly, on its actin-bundling activity. The role of CRP1 in filopodia formation is regulated by the Cdc42 pathway. In addition, we show that CRP1 is upregulated by Ca 2ϩ influx via the Ca 2ϩ /calmodulin-dependent protein kinase IV (CaMKIV)-cAMP response element binding protein (CREB) pathway and is involved in Ca 2ϩ -dependent dendritic growth in neurons. Collectively, our data provide the first functional characterization of CRP1 in the CNS.
Materials and Methods
Neuronal cell culture. Primary hippocampal neurons were prepared as described previously (Crozier et al., 2008) . Hippocampi from embryonic day 18 rat embryos of either sex were digested with 0.25% trypsin-EDTA for 10 min at 37°C, followed by trituration with a firepolished Pasteur pipette in the plating medium (Neurobasal with 10% fetal bovine serum; Invitrogen). Neurons were plated onto coverslips coated with poly-D-lysine (100 g/ml; Sigma) and laminin (10 g/ml; Invitrogen). For some experiments ( Fig. 1) , to show the morphology of growth cones, neurons were plated onto coverslips coated only with poly-D-lysine. Four hours after plating, the medium was changed to Neurobasal with 2% B27 (for nontransfected neurons) or serum-free medium (SFM; for transfected neurons) (Crozier et al., 2008) with 0.5% FBS (Invitrogen) . SFM consisted of a 1:1 (v/v) mixture of Ham's F-12 (Invitrogen) and MEM (Invitrogen) and was supplemented with 25 g/ml insulin, 100 g/ml transferrin, 60 M putrescine, 20 nM progesterone, 30 nM selenium, 6 mg/ml glucose, 0.5 U/ml penicillin, and 0.5 mg/ml streptomycin. Dissociated neurons were transfected by electroporation using the Amaxa Nucleofector device (Lonza) immediately after dissociation. Cotransfection of control shRNA (CON) or CRP1 shRNA (shCRP1) with p-CAG-DsRed was done at a ratio of 3:1, and cotransfection of CRP1 shRNA and a silent mutant of CRP1 (smCRP1) was done at a ratio of 2:1. For all cotransfection experiments, the ratio was based on the total amount of plasmid DNA (in micrograms). Neuronal morphology of transfected neurons was analyzed 3 d after plating.
The potassium chloride (KCl) treatment was performed as described previously (Redmond et al., 2002) . Dissociated neurons were cultured on poly-D-lysine-coated coverslips or well plates at 15,000 per square centimeter in Neurobasal medium containing 2% B27. At 3 d in vitro (DIV), neurons were stimulated with 50 mM KCl for the indicated time. Inhibitors APV (200 M; Sigma), nifedipine (20 M; Calbiochem), KN62 (10 M; Sigma), U0126 (25 M; Sigma), KT5720 (5 M; Sigma), and EGTA (2 mM; Sigma) were added 30 min before the addition of KCl (Redmond et al., 2002) . For experiments involving KCl treatment or CaMKIV overexpression, hippocampal neurons were transfected at 2 DIV using Effectene (QIAGEN). Transfected neurons were treated with 50 mM KCl at 3 DIV for 2 d and fixed at 5 DIV. Cotransfection of CaMKIV and CRP1 shRNA or control shRNA was done at a ratio of 2:1, and neurons were fixed and analyzed at 5 DIV.
N2a cells were cultured in DMEM with 1 mM sodium pyruvate and 10% FBS (Invitrogen). COS-7 cells were cultured in DMEM with 10% FBS. N2a or COS-7 cells were transfected with Fugene 6 (Roche) or Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfected COS-7 cells were stained for actin filaments to show filopodia morphology. Cells with a minimum of 20 filopodia measuring at least 5 m in length were scored as being "with filopodia," and all other cells were scored as being "without filopodia" as described previously (Gauthier-Campbell et al., 2004) . At least 500 cells from five different fields were scored for each treatment. Transfection experiments were performed in quadruplicate, and all experiments were repeated three times.
DNA constructs. Mouse CRP1 was subcloned into pEGFP-N1 vector (Clontech) using NheI and BamH I. Wild-type (full-length) CRP1, residues 1-79 of CRP1, and residues 1-65 of CRP1 were described previously (Jang and Greenwood, 2009 Quantitative PCR was used to analyze mRNA expression levels of exogenous genes (caCaMKIV, caCaMKII, dnCaMKIV, and KCREB) in our cell culture system. After transfection, substantial upregulation of these exogenous genes was observed when compared with the GFP control group. Comparable levels of expression were obtained for caCaMKIV and caCaMKII, which is expected since the expression of these genes is under the control of the same promoter in the same vector.
pSUPER-GFP (Oligoengine) was used to make shRNA. The siRNA sequence used for mouse and rat CRP1 (5Ј-GGGAAGTCCTGGCATA Figure 1 . Expression of CRP1 in the adult mouse CNS and cultured primary hippocampal neurons. A, CRP1 protein is widely expressed in the mouse CNS. Different brain regions from adult mouse were used for Western blot analysis. A sample from N2A cells transfected with plasmid expressing CRP1 was used as a positive control. GAPDH served as a loading control. The expression of CRP1 is detected in all of the brain regions studied. OB, olfactory bulb; CT, cortex; HP, hippocampus; CB, cerebellum; ST, striatum; BS, brain stem; SC, spinal cord. Images with a short exposure time (top) and a long exposure time (middle) for CRP1 are shown. B, In situ hybridization shows the expression of CRP1 mRNA in neurons in cerebral cortex (CT) and hippocampus (HP), and cerebellar (CB) Purkinje cells. No significant signal is observed with the sense probe for CRP1. C, Endogenous CRP1 accumulates in filopodia of growth cones and colocalizes with actin in cultured rat hippocampal neurons. Ca-j, Representative images of hippocampal neurons at 1 DIV incubated with CRP1 antibody (a, e, h), ␤-tubulin III antibody (c), and Texas Red phalloidin (for actin) (b, f, i). CRP1 is expressed in neurons that are ␤-tubulin III positive (c) and is weakly expressed in non-neuronal cells that are ␤-tubulin III negative (c). CRP1 accumulates in filopodia of growth cones and colocalizes with actin (e-g). No colocalization of CRP1 with actin is observed in non-neuronal cells (h-j). Ck,l, Neurons at 3 DIV show colocalization of CRP1 and actin in growth cones. Insets are the enlargements of the growth cone. Ce-g are enlargements of boxed area 1, and h-j are enlargements of boxed area 2. n ϭ 3 experiments. Scale bars: B, Ca-d, Ck, Cl, 50 m; Ce-j, 25 m.
AGT-3Ј) and the nonsense sequence used as the negative control (5Ј-GC GCGCTATGTAGGATTCG-3Ј) were subcloned into pSUPER-GFP vector according to the manufacturer's instructions. To knock down the endogenous CRP1 expression in COS-7 cells, annealed siRNA for monkey CRP1 (sense, 5Ј-GGGCAUCAAGCACGAGGAAtt-3Ј; antisense, 5Ј-UUCCUCGUGCUUGAUGCCCag-3Ј) was used.
A silent mutant of CRP1 (see Fig. 3A ), was constructed using the QuickChange Lighting site-directed mutagenesis kit (Stratagene).
Immunostaining. For immunostaining, neurons were fixed in freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 20 min. The cells were blocked and permeabilized with 3% donkey serum, 1% bovine serum albumin (BSA), and 0.2% Triton X-100 in PBS, which was followed by incubation with anti-CRP1 antibody (1:200; Santa Cruz Biotechnology) and/or anti-␤-tubulin III (1:500; Covance Research Products) at 4°C overnight. Cells were then incubated for 2 h with the secondary antibody (Alexa Fluor 488-conjugated anti-goat antibody, 1:800; Invitrogen) diluted in PBS containing 1% BSA and 0.2% Triton X-100. For double staining of CRP1 and ␤-tubulin III, the cells were then incubated with Cy5-conjugated anti-mouse IgG (1:800; Invitrogen) after three washes. For the negative control, the primary antibody was replaced with normal goat IgG (Sigma). Phalloidin coupled to Texas Red (Invitrogen) was used to label actin filaments.
The CRP1 antibody used for immunostaining detects one single band of the expected apparent molecular weight by Western blot analysis in N2a neuroblastoma cells overexpressing CRP1, demonstrating the specificity of this antibody. The specificity of CRP1 antibody was also supported by evidence showing that a much stronger signal for CRP1 was obtained by immunostaining of N2a cells transfected with the CRP1 plasmid when compared with those transfected with GFP (data not shown).
RNA isolation and quantitative real-time PCR. Total RNA was isolated using the RNeasy Micro kit (QIAGEN) according to the manufacturer's directions. The concentration of extracted total RNA was determined with a NanoDrop spectrophotometer (NanoDrop Technologies). One microgram of total RNA was reverse transcribed with SuperScript II Reverse Transcriptase (Invitrogen). Then, 2 ng of cDNA was used for each quantitative real-time PCR with a final volume of 10 l containing primers and Power SYBR Green PCR master mix (Applied Biosystems). Quantitative real-time PCR (qPCR) was performed as described previously (Goff et al., 2004) . The comparative cycle threshold C t method (⌬⌬C t method) was used for data analysis. Two reference control genes, 18S rRNA and GAPDH, were tested under the different experimental conditions in this study. Since GAPDH showed less variation between treatments compared with 18S rRNA, GAPDH was used as an endogenous control gene for all qPCR experiments in this study. No significant variation of GAPDH gene expression was detected between control and treated samples, when the same amount of cDNA was used. Data from the control group was set as 1 or 100%, and normalized relative quantities were shown. The primers used are as follows: CRP1 (forward, 5Ј-ACCACCAACCCCAATGCAT-3Ј; reverse. 5Ј-AGAAGATCGGCGGCT CTGAG-3Ј) and GAPDH (forward, 5Ј-TCCTGCACCACCAACTG CTTAGCC-3Ј; reverse, 5Ј-GTTCAGCTCTGGGATGACCTTGCC-3Ј).
In situ hybridization. Digoxigenin (DIG)-labeled RNA sense and antisense probes for mouse CRP1 (NM_007791, full length) were generated using the Megascript system (Ambion) according to the manufacturer's protocol, and in situ hybridization was performed as described previously (Becker et al., 1998; Lieberoth et al., 2003) . In brief, 20 m-thick sagittal brain sections were incubated with 0.1N HCl for 10 min, followed by three washes in PBS, pH 7.4, and digested for 10 min with 10 g/ml proteinase-K (Roche) at room temperature, followed by fixation in 4% paraformaldehyde after two washes with glycine (2 mg/ml) in PBS, pH 7.4. Next, the sections were acetylated, dehydrated, air dried, prehybridized, and subsequently hybridized with DIG-labeled probe at 55°C overnight. The hybridized probes were detected using alkaline phosphatase-coupled anti-DIG antibody (Roche) and color developed with nitro-blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche).
Western blot analysis. Goat anti-CRP1 [1:500 (Santa Cruz Biotechnology) or 1:400 (R&D Systems)] or mouse anti-GAPDH (1:1000; Millipore) was used as the primary antibody. HRP-conjugated donkey anti-goat (1:5000; Promega) or HRP-conjugated goat anti-mouse (1: 5000; Millipore) was used as the secondary antibody. The ECL detection system (Pierce Chemical) was used for signal detection. Quantitative analysis was performed using Kodak molecular imaging software version 4.0 (Carestream Health).
Image analysis. Images of transfected neurons were captured using a digital CCD camera attached to an inverted microscope driven by AxioVision software (Carl Zeiss). Transfection experiments were performed in duplicate wells, and all experiments were repeated at least three times. Approximately 15-20 neurons per group were obtained each time, and GFP or DsRed expression was used to visualize the cell morphology. Captured neurons were traced and analyzed using ImageJ and Scion Image software as described previously (Dityatev et al., 2000) . Since hippocampal neurons have not developed dendritic spines at 3-5 DIV, all long thin structures emerging from neurites shorter than 10 m were counted as filopodia, and others (longer than 10 m) were counted as branches as described previously (Li et al., 2008) . Processes originating from cell body were recognized as primary neurites, and branches were those originating from neurites. The longest process was recognized as an axon, and the shorter processes were recognized as dendrites as described by Garvalov et al. (2007) . In this study, the term "neurite" is used for both dendrites and axons. Total dendritic length represents the total length of all dendrites per neuron, and total dendritic tips represent the total number of all dendritic processes and branches per neuron. Data are shown as mean values Ϯ SEM. Depending on the number of groups and independent factors, data were analyzed with the two-tailed Student's t test, one-way ANOVA, or two-way ANOVA followed by Tukey's post hoc test when appropriate, with the level of significance set at p Ͻ 0.05.
Results

CRP1 colocalizes with actin in filopodia of growth cones in cultured hippocampal neurons
Since little is known about the expression and function of CRP1 in the nervous system, the expression of CRP1 was first investigated in the adult mouse CNS using Western blot analysis. A previous report showed that the expression of CRP1 mRNA increases as the brain develops and reaches its highest expression in the adult brain (McLaughlin et al., 1994) . Expression of CRP1 protein was detected in all brain regions studied, including the olfactory bulb, cortex, hippocampus, striatum, cerebellum, brain stem, and spinal cord ( Fig. 1 A) . In situ hybridization confirmed the widespread expression of CRP1 and showed that neurons in the cerebral cortex, hippocampus, and cerebellar Purkinje cells were positive for CRP1 mRNA (Fig. 1 B) . We were unable to detect CRP1 protein using immunohistochemistry. However, CRP1 protein was detected by immunostaining in cultured rat hippocampal neurons as early as 1 DIV. In neurons cultured on coverslips coated with poly-D-lysine and laminin, localization of CRP1 was observed at the tips of neurites (data not shown). To determine the localization of CRP1 within the growth cone, neurons were cultured on coverslips coated only with poly-D-lysine. It was found that CRP1 colocalized with actin filaments in filopodia of the growth cones (Fig. 1C) . The location of CRP1 in filopodia, which are composed of bundled actin, is consistent with a report showing that CRP1 acts as an actin-bundling protein (Tran et al., 2005) . The distribution of CRP1 in neurons at 3 DIV was similar to that of neurons at 1 DIV (Fig. 1Ck,l ) . However, the localization of CRP1 was different in ␤-tubulin IIInegative non-neuronal cells. Although a weak signal for CRP1 was observed in the cell body of these cells, no colocalization of CRP1 and actin filaments was detected (Fig. 1Ch-j) . The distinct localization to the filopodia of neuronal cells suggests a specific function for CRP1 in the neuronal growth cone.
CRP1 is involved in dendritic growth
The localization of endogenous CRP1 in cultured neurons indicates a potential function in filopodia, which are involved in neurite growth. We next studied whether CRP1 has an effect on neuronal morphology. The function of CRP1 in neurons was first investigated in gain-of-function experiments. We transfected neurons with GFP-CRP1 or control GFP vectors immediately after dissociation, and neuronal morphology was examined at 3 DIV. Similar to what has been reported previously, the GFP tag did not alter the function and location of CRP1 (Tran et al., 2005) . No statistically significant change in total neurite length per neuron (CON, 589 Ϯ 73 m, n ϭ 60 neurons; CRP1, 643 Ϯ 102 m, n ϭ 60 neurons; t test, p Ͼ 0.05) or in the length of the longest neurite was induced by CRP1 expression. However, the number of neuritic branches per cell was increased by expression of CRP1 in hippocampal neurons (CON, 7.9 Ϯ 0.8, n ϭ 60 neurons; CRP1, 17 Ϯ 1.6, n ϭ 60 neurons; t test, p Ͻ 0.05) (Fig. 2) , which is consistent with the role of motile filopodia in the initiation of neurite branching (Gallo and Letourneau, 2004; Lalli and Hall, 2005) . CRP1 expression was also observed to increase the total number of filopodia per 100 m of neurites (CON, 1.44 Ϯ 0.19 per 100 m neurite, n ϭ 60 neurons; CRP1, 4.17 Ϯ 0.42 per 100 m neurite, n ϭ 60 neurons; t test, p Ͻ 0.05) (Fig. 2) . These data provide evidence for the role of CRP1 in filopodia formation.
Since there is endogenous expression of CRP1 in hippocampal neurons, its function was also tested in loss-of-function experiments, in which RNA interference was used to reduce the expression of CRP1. A shRNA sequence against both mouse and rat CRP1 was designed and incorporated into the pSUPER-GFP vector (Chen and Firestein, 2007) . The negative control shRNA with no potential mRNA target did not show any toxic effects when used in cultured neurons as reported previously (Li et al., 2008) . To study the specificity of the CRP1 shRNA, we made a silent mutant CRP1 in which six nucleotides in the shRNA sequence were replaced by neutral nucleotides (Fig. 3A) to express an mRNA that codes for the same protein as the wild-type CRP1 but could not be targeted by the CRP1 shRNA as evidenced by qPCR (data not shown). This shRNA resistance of smCRP1 was also investigated by Western blot analysis. Since the exogenous CRP1 is tagged with GFP, it was easy to distinguish exogenous from endogenous CRP1 expression based on their different molecular weights. As shown in Figure 3B , the CRP1 shRNA reduced protein levels of both endogenous and exogenous CRP1 from wildtype CRP1 plasmid, but not the CRP1 protein expression from the silent mutant CRP1 plasmid. The CRP1 shRNA also reduced the expression of endogenous CRP1 in hippocampal neurons (Fig. 3C) .
Hippocampal neurons were transfected with either shCRP1 or CON or with CRP1 shRNA and smCRP1 together immediately after dissociation, and neuronal morphology was analyzed 3 d later. Neither shRNA affected cell viability (data not shown). The number of primary neurites in neurons transfected with shCRP1 was decreased compared with neurons transfected with the negative control shRNA (Fig. 3 D, E) , consistent with the potential function of CRP1 in neuritogenesis. Knockdown of CRP1 also reduced the number of neuritic branches (Fig. 3F ) and filopodia (Fig. 3G) . Moreover, the total length of neurites was reduced in neurons transfected with shCRP1 compared with control shRNA (Fig. 3H ) . Typically, cultured hippocampal neurons have established axon-dendrite polarization at 3 DIV with neurons exhibiting several minor processes and one major process with the longest length. The major process is positive for tau1, an axonal marker, and thus identified unequivocally as an axon (Dotti et al., 1988; Zhang et al., 2007) . Here, the longest process was recognized as an axon as described previously (Lebrand et al., 2004; Garvalov et al., 2007) . It was found that shCRP1 did not affect the length of the longest process (Fig. 3J ) , suggesting that CRP1 is involved in dendritic (Fig. 3I ) rather than axonal growth in hippocampal neurons. As expected, the reduced dendritic growth was rescued by cotransfection with smCRP1 ( Fig. 3D-J ) , demonstrating the specificity of CRP1 shRNA. Whereas knockdown of CRP1 decreased the length of total neurites, overexpression of CRP1 did not lead to enhanced neurite length, suggesting that CRP1 expression is necessary but not sufficient for typical neurite outgrowth.
Role of CRP1 actin-bundling activity in dendritic growth and the regulation of the Cdc42 pathway on CRP1 function CRP1 consists two LIM domains (LIM1, LIM2), each followed by a glycine-rich region (GR1, GR2) (Fig. 4 A) . Previously, it was thought that CRP1 did not directly bind to actin filaments but associated indirectly through other actin-binding proteins, like ␣-actinin and zyxin (Sadler et al., 1992; Pomies et al., 1997; Schmeichel and Beckerle, 1998) . However, CRP1 has been shown to bind directly and bundle actin filaments, independently of ␣-actinin and zyxin (Tran et al., 2005; Jang and Greenwood, 2009) . Using truncated forms of CRP1, the LIM1 and GR1 domains were determined to contain the actin-bundling activity (Tran et al., 2005; Jang and Greenwood, 2009 ). Since overexpression of CRP1 in neurons increased the number of neurite branches and filopodia in our study, we next investigated the role of actin-bundling activity using various segments of CRP1. Truncated forms of CRP1 tagged with GFP were used as reported (Fig.  4 A) (Jang and Greenwood, 2009) . Residues 1-79 of CRP1 contain the LIM1 and GR1 domains and retain actin-bundling ability, whereas residues 1-65, which only contain the LIM1 domain, lose this function (Jang and Greenwood, 2009 ). Hippocampal neurons were transfected immediately after dissociation, and neuronal morphology was analyzed 3 d later. Overexpression of residues 1-79 increased the number of neuritic branches (Fig.  4 B, C) and filopodia (Fig. 4 B, D) to the level of the wild-type CRP1 when compared with the GFP control group, whereas overexpression of residues 1-65 was comparable to control (Fig.  4 B-D) . Thus, the ability of CRP1 in regulating neurite branching and filopodia formation is mediated, at least partly, by its actinbundling activity.
Our findings suggest that CRP1 affects neuronal morphology via its actin-bundling activity in filopodia formation. The role for CRP1 in filopodia formation was also investigated in COS-7 cells by cotransfection with Cdc42, a small GTPase involved in filopodia formation (for review, see Luo, 2002) . COS-7 cells are a good model for studying filopodia formation because of the low background of filopodia formation and ability to induce filopodia formation by activation of the Cdc42 pathway (Miki et al., 1998; Luo, 2002; Gauthier-Campbelletal.,2004) .Consistent with previous reports (Miki et al., 1998; Gauthier-Campbell et al., 2004) , overexpression of a constitutively active form of Cdc42 (caCdc42) promoted filopodia formation in COS-7 cells (Fig. 5) . Although overexpression of CRP1 alone did not affect filopodia formation in COS-7 cells, cotransfection of both CRP1 and the constitutively active form of Cdc42 increased the percentage of cells with filopodia when compared with cells transfected with constitutively active Cdc42 alone (Fig. 5) . These results suggest that Cdc42 may regulate CRP1 during the formation of filopodia. Next, we studied whether CRP1 is essential for Cdc42-induced filopodia formation using CRP1 siRNA. When COS-7 cells were cotransfected with CRP1 siRNA and constitutively active Cdc42, knockdown of CRP1 expression did not affect filopodia formation induced by Cdc42 (caCdc42 plus control siRNA, 12.6 Ϯ 1.1%; caCdc42 plus CRP1 siRNA, 12.3 Ϯ 1.8%; n ϭ 3 experiments; t test, p Ͼ 0.05), indicating that CRP1 is not a necessary component for this phenomenon. However, these observations suggest a role for CRP1 in the stabilization of filopodia rather than filopodia formation. Differences in the ability of CRP1 expression to affect filopodia morphology in neurons and COS-7 cells are likely caused by cell-type variations. Additional studies Figure 3 . CRP1 is required for dendritic growth in hippocampal neurons. A, Sequences of shCRP1, wild-type CRP1 (wtCRP1), and smCRP1. Whereas smCRP1 expresses the same protein as wtCRP1, smCRP1 contains six mutated neutral nucleotides compared with wtCRP1. B, Effect of shCRP1 on protein expression levels of wtCRP1 and smCRP1. N2a cells were cotransfected with the indicated vectors. Levels of CRP1 protein expression were probed by Western blot analysis 2 d after transfection. GAPDH served as a loading control. The exogenous CRP1 was tagged with GFP. When wtCRP1 was cotransfected with shCRP1, shCRP1 not only reduced the endogenous CRP1 expression but also that of the exogenous CRP1. However, when smCRP1 was cotransfected with shCRP1, only endogenous CRP1 expression was decreased. C, shCRP1 reduces the expression of endogenous CRP1 in hippocampal neurons. Primary hippocampal neurons were transfected with control shRNAorshCRP1plasmidsandculturedfor72h.Theexpression 4 level of endogenous CRP1 was examined by Western blot analysis. GAPDH served as a loading control. D, Knockdown of endogenous CRP1 inhibits dendritic growth of hippocampal neurons. The morphology of neurons was analyzed 3 d after transfection by nucleofector. Neurons transfected with shCRP1 (middle) have less dendrites when compared with neurons transfected with control shRNA (left). Cotransfection with smCRP1 (D-J) rescues the inhibition of shCRP1 on dendritic growth. E-J, Knockdown of CRP1 decreases the number of primary neurites (E), the number of neurite branches (F), and the number of filopodia (G). The inhibitory effect of shCRP1 on total length of neurites (H) is mainly attributable to inhibition on dendritic length (I) but not axonal length (J). Cotransfection with smCRP1 rescues the inhibited dendritic growth induced by shCRP1 (E-J). B, C, n ϭ 3 experiments; D-J, n ϭ 45 neurons; *p Ͻ 0.05, one-way ANOVA with Tukey's post hoc test; mean values Ϯ SEM are shown. Scale bar, 50 m.
are needed to determine the relationship between CRP1 and Cdc42.
CRP1 is upregulated by Ca
2؉ influx after depolarization and is required for Ca 2؉ -dependent dendritic growth Filopodia formation is required for dendritic arborization, which is essential for neuronal connectivity on which an optimally functioning nervous system is based. The role for neuronal activity in the control of dendrite arborization has been implicated in multiple neuronal systems, both during and after development. Numerous studies have shown that a Ca 2ϩ -dependent pathway is activated by neuronal activity and mediates the activity-induced changes in dendrite structure, which require changes in gene transcription (for review, see Redmond, 2008) . Although several transcriptional mechanisms have been identified for the Ca 2ϩ -dependent dendritic arborization, few transcriptionally regulated effectors have been reported. In smooth muscle cells, CRP1 expression is increased after depolarization induced by high K ϩ (Najwer and Lilly, 2005) , suggesting that CRP1 may be involved in postdepolarization modifications. Because our data showed that CRP1 is required for dendritic growth in neurons, we hypothesized that CRP1 may act as a mediator for dendritic growth induced by Ca 2ϩ influx. It has been reported that when neurons were depolarized with KCl at 3 DIV, enhanced dendritic growth is observed in both cortical neurons and hippocampal neurons (Redmond et al., 2002; Tan et al., 2010) . We first measured CRP1 expression in cultured hippocampal neurons after depolarization using the same condition as reported previously (Redmond et al., 2002) . CRP1 mRNA levels were studied at different time points after addition of KCl. Six hours after the addition of KCl, CRP1 mRNA expression was slightly decreased but was then upregulated from 12 h onward (Fig. 6A) , continuing up to 48 h after KCl addition. Increases in CRP1 protein levels were also observed 48 h after addition of KCl (Fig. 6 B) .
To investigate whether Ca 2ϩ influx is required for the upregulation of CRP1 induced by KCl stimulation, neurons were treated with EGTA, an extracellular Ca 2ϩ chelator, with or without KCl. As reported, 2 mM EGTA did not show any effect on cell viability on neurons . When cells were treated with KCl in the presence of EGTA, upregulation of CRP1 mRNA was blocked (Fig. 6C) . This observation suggests that Ca 2ϩ mediates the depolarization influence on CRP1 mRNA expression. In neurons, two primary Ca 2ϩ channels, namely NMDA receptors and voltage-sensitive Ca 2ϩ channels (L-VSCCs), mediate Ca 2ϩ influx (Ghosh and Greenberg, 1995; Redmond et al., 2002) . To address which type of Ca 2ϩ channel is responsible for the Ca 2ϩ -dependent upregulation of CRP1 mRNA, the inhibitors APV (for NMDA receptors) and nifedipine (for L-VSCCs) were tested. In the presence of KCl, both inhibitors reduced the upregulation of CRP1 mRNA levels (Fig. 6 D) . Although nifedipine was more effective than APV, upregulation of CRP1 mRNA was completely blocked only when both APV and nifedipine were applied together (Fig. 6 D) . Together, these data show that Ca 2ϩ mediates the increase in CRP1 expression after depolarization.
We next studied whether CRP1 is involved in Ca 2ϩ -dependent dendritic growth. Hippocampal neurons were transfected with control shRNA or shCRP1 at 2 DIV and treated with KCl at 3 DIV. Neuronal morphology was examined at 5 DIV. shCRP1 reduced total dendritic length and total number of dendritic tips when compared with control shRNA (Fig. 6 E-G) . Consistent with the results obtained by other groups (Redmond et al., 2002; Yu and Malenka, 2003; Wayman et al., 2006; Tai et al., 2008) , KCl treatment increased both the total dendritic length and total number of dendritic tips in neurons transfected with control shRNA (Fig. 6 E-G) . However, knockdown of CRP1 expression with shCRP1 inhibited the dendritic growth induced by KCl (Fig. 6 E-G) , suggesting that CRP1 is required for the influence of Ca 2ϩ on dendritic growth. As expected, shCRP1 significantly reduced the expression of CRP1 after KCl stimulation, however, with a slightly lower efficacy compared with that of the unstimulated group (Fig. 6 H, I ). The inhibitory effect of shCRP1 on Ca 2ϩ -dependent dendritic growth was not complete, possibly because of the lower efficacy of the shCRP1 after KCl stimulation and/or the involvement of additional molecules other than CRP1 in this process. . Actin-bundling activity is required for the role of CRP1 in neurite growth. A, Diagram of wild-type (WT) CRP1 and truncated forms of CRP1 used in this study. Whereas residues 1-79 of CRP1-containing LIM1 and GR1 domains retain actin-bundling ability and localization to the actin cytoskeleton, residues 1-65 containing LIM1 domain only do not. B, Representative images of the neurons transfected with wild-type CRP1, residues 1-65, or 1-79 residue constructs. Hippocampal neurons were transfected immediately after dissociation, and neuronal morphology was analyzed 3 d later. C, D, The actin-bundling ability of CRP1 is required for its effect on neurite branching and filopodia formation in neurons. Overexpression of residues 1-79 increases the number of neuritic branches (C) and filopodia (D), as well as the wild-type CRP1, whereas overexpression of residues 1-65 does not show an enhanced effect. n ϭ 60 neurons; *p Ͻ 0.05, one-way ANOVA with Tukey's post hoc test; mean values Ϯ SEM are shown. Scale bars, 50 m.
CaMKIV and CREB mediate the Ca
2؉ -induced upregulation of CRP1 expression Ca 2ϩ influx activates several different pathways that mediate the transcription of different target genes. To analyze biochemical mechanisms underlying the Ca 2ϩ -induced upregulation of CRP1 expression, three primary signaling intermediates for the Ca 2ϩ signaling pathway in neurons were studied: Ca 2ϩ / calmodulin-dependent protein kinases (CaMKI, II, and IV), mitogen-activated protein kinase (MAPK), and protein kinase A (PKA) (Ghosh and Greenberg, 1995; Redmond et al., 2002 ). An inhibitor of MAPK (U0126) did not affect CRP1 mRNA levels when used alone or together with KCl compared with the control groups (Fig. 7B) . However, KN62, an inhibitor of all CaM kinases, completely blocked the upregulation of CRP1 mRNA induced by KCl stimulation (Fig. 7A) . Inhibiting PKA activation (KT5720), on the other hand, increased CRP1 mRNA expression (Fig. 7C) , suggesting that PKA activation inhibits CRP1 expression. The inhibition effect of PKA activation may explain the slightly decreased expression level of CRP1 at 6 h after KCl treatment. Six hours after KCl treatment, the inhibitory PKA pathway might be stronger than the promotion of the CaM kinase pathway, in agreement with the observation that enhanced expression of CRP1 is not observed at early time points. Later, the activity of the CaM kinase pathway increases and leads to the upregulation of CRP1 expression. Interestingly, these two pathways similarly affect dendritic growth and CRP1 expression induced by Ca 2ϩ (Redmond et al., 2002) . Of the three CaM kinases found in neurons (CaMKI, II, and IV), only the roles of CaMKII and CaMKIV were analyzed since the MAPK pathway, the major downstream mediator of CaMKI (Wayman et al., 2006), did not affect CRP1 expression. To determine the CaM kinase responsible for Ca 2ϩ -dependent regulation of CRP1 expression, constitutively active forms of CaMKII and CaMKIV were used as described previously (Sun et al., 1994) . Considering the limitations regarding transfection of cultured primary neurons, such as the age of cultured neurons (only freshly dissociated neurons can be used with nucleofector), the efficiency of transfection and protein expression, and the time window for upregulation of CRP1 induced by overexpression of the active forms of CaMKII or CaMKIV, we used the mouse neuroblastoma cell line N2a for this experiment. Similar to what was observed in primary culture of neurons, KCl stimulation also induced upregulation of CRP1 mRNA levels in N2a cells (Fig. 7D) . The constitutively active CaMKIV, but not caCaMKII, increased CRP1 mRNA expression (Fig. 7D) . The role of CaMKIV was confirmed by using a dominant-negative form of CaMKIV (Lemrow et al., 2004) , which blocked the upregulation of CRP1 mRNA levels induced by KCl (Fig. 7E) . It has been shown that whereas CaMKIV promotes dendritic growth, CaMKII inhibits dendritic growth (Redmond et al., 2002) , supporting the observation that CRP1 is required for Ca 2ϩ -dependent dendritic growth. CREB is the best-characterized transcription factor target of CaMKIV (Matthews et al., 1994; Sun et al., 1994 Sun et al., , 1996 . CaMKIV phosphorylation of CREB activates the transcription of genes important for activity-dependent or CaMKIV-dependent dendritic growth (Redmond et al., 2002; Redmond, 2008; Tai et al., 2008) . We thus investigated whether CREB mediates upregulation of CRP1 using a dominant-negative mutant of CREB (KCREB) (Walton et al., 1992) . As shown in Figure 7F , CaMKIV-induced upregulation of CRP1 expression was suppressed by KCREB expression. Similarly, KCREB also blocked the stimulation of CRP1 expression by KCl (Fig. 7F ). These results demonstrate that CaMKIV and CREB activity are required for Ca 2ϩ -induced upregulation of CRP1 expression. CaMKIV mediates the dendritic growth induced by Ca 2ϩ , and caCaMKIV is sufficient to increase dendritic growth (Redmond et al., 2002; Yu and Malenka, 2003; Tai et al., 2008) . Since caCaMKIV increased CRP1 expression, we studied whether CRP1 contributes to CaMKIV-induced dendritic growth using shCRP1. Consistent with previous work (Redmond et al., 2002; Yu and Malenka, 2003; Tai et al., 2008) , overexpression of caCaMKIV indeed increased dendritic growth as measured by dendritic length and total number of dendritic tips (Fig. 7 G-I) . Knockdown of CRP1 expression significantly inhibited the dendritic growth induced by caCaMKIV (Fig. 7G-I) . Together, these results support the view that the upregulation of CRP1 is regulated by the CaMKIV and CREB pathways and that CRP1 is required for CaMKIV-dependent dendritic growth.
Discussion
As the most widely expressed member of the CRP family, CRP1 has been associated with various cell activities. The amino acid sequence of CRP1 is similar among vertebrates with Ͼ80% identity between human, mouse, rat, chicken, quail, and zebrafish, suggesting conservation of function (McLaughlin et al., 1994) . Our study presents a novel functional role for CRP1 in the CNS as an actin-bundling protein involved in the formation of filopodia in neurons. In cultured primary rat neurons, endogenous CRP1 accumulates in the growth cone and colocalizes with actin filaments in filopodia. In contrast, colocalization with actin filaments was not observed in non-neuronal cells, suggesting that CRP1 functions differently, depending on the cell type. This is confirmed by the different effects of CRP1 on filopodia formation in COS-7 cells compared with that in neurons. Although expression of Figure 6 . CRP1 is upregulated by Ca 2ϩ influx in hippocampal neurons and is involved in Ca 2ϩ -dependent dendritic growth. A, Depolarization induced by 50 mM KCl increases CRP1 mRNA expression. CRP1 mRNA expression is slightly downregulated at 6 h but is then upregulated from 12 h, and this upregulation continues up to 24 and 48 h. B, KCl stimulation increases CRP1 protein expression as probed by Western blot analysis 48 h after addition of KCl. GAPDH served as a loading control. C, EGTA (2 mM) treatment blocks the upregulation by KCl on CRP1 mRNA levels. D, Upregulation of CRP1 mRNA expression is completely blocked only when both inhibitors for L-VSCCs (NIF, nifedipine) and NMDA receptors (APV) were applied together. E, Representative images of neurons transfected at 2 DIV with shCRP1 or CON and treated with or without 50 mM KCl at 3 DIV for 48 h. F, G, Quantification of total dendritic length (F) and total number of dendritic tips (G) of neurons in E shows that CRP1 is required for Ca 2ϩ -dependent dendritic growth. H, I, Hippocampal neurons were transfected with control shRNA or shCRP1 immediately after dissociation. Transfected neurons were treated with KCl at 3 DIV for 2 d. Then, neurons were lysed for Western blot analysis (H), and CRP1 protein 4 was quantified by densitometry (I). CRP1 is knocked down by 35% in unstimulated neurons transfected with shCRP1 (unstimulated control shRNA is 100%). However, in KClstimulated neurons, shCRP1 is observed to knockdown CRP1 protein by 22% (stimulated control shRNA is 100%). Thus, shCRP1 decreases CRP1 expression after KCl stimulation, with a slightly lower efficacy compared with that of unstimulated neurons. Since the transfection efficiency was ϳ40%, we estimate that 60% of the cells were untransfected and responded to KCl treatment by upregulating CRP1 in the stimulated shCRP1 group. A-D, H, I, n ϭ 3 experiments; E-G, n ϭ 60 neurons; *p Ͻ 0.05, t test (A, I) and two-way ANOVA with Tukey's post hoc test (C, D, F, G) ; mean values Ϯ SEM are shown. Scale bar, 50 m. Hippocampal neurons at 3 DIV were treated with KCl, and expression of CRP1 was determined at different time points (A) or 48 h (B) or 24 h (C, D) after addition of KCl.
CRP1 was sufficient to induce filopodia formation in neurons, CRP1 did not induce filopodia formation in COS-7 cells. When we compared the biological characteristics of neurons with that of COS-7 cells, it is noteworthy that filopodia formation is always active in the former but not the latter, which may indicate a difference in the activation status of the pathways involved in filopodia formation. This view is confirmed by the evidence showing that cotransfection of CRP1 with a constitutively active form of Cdc42 increased filopodia formation in COS-7 cells. Thus, CRP1 is specifically involved in filopodia formation in neurons in the CNS.
Localization of CRP1 to the filopodia of growth cones in neurons is consistent with previous observations that CRP1 directly interacts with actin filaments and functions as an actin bundling protein (Tran et al., 2005; Jang and Greenwood, 2009) . Moreover, the localization of CRP1 is similar to that of fascin, another actinbundling protein involved in filopodia formation, in that it is localized along the entire length of filopodia (Cohan et al., 2001; Vignjevic et al., 2006) , further suggesting that CRP1 serves an important role in filopodia formation. Using different truncated forms of CRP1, we showed that amino acid residues 1-79 retain actin-bundling activity and mimic the effect of wild-type CRP1, whereas residues 1-65, which have no bundling activity, did not affect neuronal morphology. This finding supports the conclusion that the actin-bundling activity of CRP1 is required, at least partly, for neurite growth. In addition, loss-of-function and gain-of- function experiments demonstrate an essential role of CRP1 in filopodia formation, in which it regulates neuritogenesis, neurite elongation, and neurite branching. Whether other functions of CRP1, such as transcriptional regulation (Chang et al., 2003) , are involved in its role in neurite growth will require further investigation.
In vitro, knockdown of endogenous CRP1 in cultured hippocampal neurons inhibited filopodia formation and dendritic growth. This characteristic is similar to that of other molecules, such as Ena/vasodilator-stimulated phosphoprotein (VASP) (Lebrand et al., 2004; Dent et al., 2007) , MARCKs (myristoylated, alanine-rich C kinase substrate) (Calabrese and Halpain, 2005; Li et al., 2008) , TRPC6 (transient receptor potential channel 6) Zhou et al., 2008) , and septin 7 (Xie et al., 2007) , all of which are needed not only for filopodia or spine formation but also for dendritic growth. Since filopodia are not only essential for neurite outgrowth but also develop into dendritic spines (Yuste and Bonhoeffer, 2004; Mattila and Lappalainen, 2008) , it is not surprising that proteins involved in filopodia formation also contribute to spine formation. Our study shows that knockdown of CRP1 reduces the number of primary neurites, demonstrating a role for CRP1 in neuritogenesis. The essential role of filopodia in neuritogenesis has been demonstrated by experiments showing that knockdown of Ena/VASP, proteins involved in filopodia formation, causes defects in neurite initiation and thus neurite formation in cortical neurons (Dent et al., 2007) . Moreover, many fine filopodial protrusions rapidly extend and retract on the dendritic shafts of hippocampal neurons during early dendritic development, directly transforming into nascent dendritic branches, suggesting that neurite branching is also initiated by filopodia (Dailey and Smith, 1996; Lalli and Hall, 2005; Hall and Lalli, 2010) . Thus, these data support our observation that CRP1 affects neuritogenesis and neurite branching via its function in filopodia formation. Furthermore, filopodia formation is also among the first structural changes to occur at the regrowing axon tip and is required for growth cone formation after injury (Welnhofer et al., 1997) , suggesting a potential role for CRP1 in regeneration after injury.
A number of studies have shown that neuronal activity regulates dendritic architecture and that Ca 2ϩ influx is a critical primary event in this response (for review, see Redmond, 2008) . New protein synthesis is required for activity-dependent dendritic growth, and gene transcription mediated by CREB plays a key role in this process (Redmond et al., 2002; Redmond, 2008) . Although Ca 2ϩ -dependent dendritic growth requires CREBmediated transcription, little is known about the target genes of Ca 2ϩ activity that mediate dendritic growth. One potential target is brain-derived neurotrophic factor, which is upregulated by Ca 2ϩ influx into primary neurons (Ghosh et al., 1994) . Another secreted protein, Wnt-2, is upregulated in neurons after depolarization and mediates activity-induced dendritic growth (Wayman et al., 2006) . Here, we found that CRP1 expression is not only upregulated by Ca 2ϩ influx into neurons but is also required for Ca 2ϩ -dependent dendritic growth. Consistent with this, similar intracellular signaling molecules are shared by CRP1 expression and dendritic growth induced by Ca 2ϩ influx (Redmond et al., 2002) . Activation of PKA inhibits dendritic growth as well as the expression of CRP1, whereas CaMKIV mediates Ca 2ϩ -dependent dendritic growth and increases CRP1 expression. Together, upregulation of CRP1 significantly contributes to Ca 2ϩ -dependent dendritic growth not only during development but also in activity-induced remodeling of synaptic connections in the adult. Whether recognition molecules at the cell surface and/or in the extracellular matrix guide this formation of axonal and/or dendritic filopodia via triggering CRP1 activities remains to be investigated. Preliminary results (data not shown) indicate that the neurite outgrowth promoting Ig superfamily molecules L1 and NCAM are not involved.
In conclusion, we provide evidence for an essential role of CRP1 in filopodia formation and dendritic growth. CRP1 is upregulated by neuronal activity via the CaMKIV-CREB pathway and is required for Ca 2ϩ -dependent dendritic growth. Our study expands on the current knowledge regarding the functional role of CRP1 and demonstrates the importance of its function in the vertebrate CNS.
